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SUMMARY

Anglyticel results were obtained for boundary-layer mass flow,
momentum, total-temperature, and total-pressure recovery ratios of a
scoop Inlet with a height equal to the boundary-layer thickness and oper-~:
ating in a turbulent boundary layer, for flat and conical surfaces with
wall cooling. When the wall tempersture is reduced from the adliabatic
temperature to that of the free-stream static temperature, mass-flow and
momentum reatios increase up to 30 percent, while the total-temperature
ratio of this airflow is reduced by gbout 6 percent, and the total-
pressure recovery increases slightly.

INTRODUCTION

At low supersonic speeds boundary-layer scoop inlets may be con-
sidered as operating in the region of no heat transfer or near insulated
walls. The performance characteristics for this case have been pre-
sented for the flat plate in reference 1. At high supersonic speeds,
however, aerodynamic heating becomes significant, and wall cooling may
be necessary to maintain the structural and gerodynamic integrity of the
aircraft. Theoretical studies of wall cooling related to this problem
have been made in references 2 and 3. Since boundery-layer auxiliary
inlets may have to operate in flight areas where wall cooling is re-
quired, it therefore becomes necessary to acquire knowledge of the ef-
fect of wall cooling on the performance characteristics of boundary-
layer scoop inlets.

The theoretical analyses for a turbulent-compressible boundary layer
with heat transfer from references 2 and 3 (where the Prandtl number is
assumed equal to unity) were applied to a method similar to thet used in
reference 1 in order to determine the mass-flow, momentum, total-pressure,
and total-temperature ratios for a scoop inlet having a height equal to
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the boundary-layer thickness. Variastions of these inlet parameters, for
flat and conical surfaces, are presented for several wall-to-free-stream .
static-temperature ratios end for Msch numbers from 2 to 10. B

ANALYSIS

The symbols used in this analysis are presented ln appendix A. The
method used for obtaelning the critical mass-flow and momentum ratios for
& boundary-layer scoop inlet with wall cooling is outlined in detaill in
eppendix B. The derivation of these expressions is similar to that for
the adiabatic wall (ref. 1), except for the inclusion of the density
varistion in the boundary layer with various amounts of cooling as in-
dicated by wall surface temperatures. Variation of the boundary-layer
temperature and velocity profile as theoretically derived in reference 2 “'
was incorporsted in the integration for & scoop inlet having a helght -
equal to the boundary-layer thickness. The Mach number was varied from
2 to 10 for a Reyrnolds number range from 108 to 109. For wall-to-free- .
stream temperature ratlos, the temperature of the wall was allowed to '
vary from the temperature for local free-stream to that for an adisbatic
wall. Of course, these adlebatic temperatures are for a recovery factor
of unity and perhape are not representative of the real flow case. Since
changing the Prandtl number from 0.75 to unity hed little effect on the
adisbatic skin friction coefficient (ref. 2), the recovery factor for the
real flow case (r = 0.9, turbulent flow) was used in order to obtaln the
variations of mass flow and momentum ratio for this condition.

'LOST

Since heat is transferred from the boundary layer when the wall
temperatures are less than the adiabatic value, the scoop inlet total-
temperature ratio and total pressure will be changed. The total-
tempersture ratio will vary with Mach number, wall temperature, mass
flow, and momentum of the boundary-layer air as shown 1ln appendix B (eq.
(B20)). Use of this total-temperature ratio in the one-dimensional mass-
flow and momentum equation yields the inlet total-pressure recovery for
a normsel shock-type inlet in a region of wall cooling (eq. (B23),
appendix B). Pressure recoveries were computed for the adisbatic wall
value and for the wall static temperature equal to the free-stream

temperature.

Extension of equations (B1l5) and (Bl16) for the mass-flow and momen-
tum retios were applied to a cone by using the rule of reference 3,
which states that the local heat-transfer coefficient on a cone is the
flat plate coefficient for & Reynolds number equal to one-half the Reyuolds
nurber on the cone when the Mach number and wall-to-free-streem temperature
remain the same. Inasmuch as the boundary-layer temperature distributions .
derived in reference 2 are general for a surface without a pressure = '
gradient, these distributions may be employed for the cone as well as for
‘the flat-plate case, so that integration of the inlet parameters of .
appendix B was carried out without changing the form of the integrands of
appendix B. These calculations for the cone, of course, yvield identical
results as for the flat plate. =
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In order to apply the results of the calculations of eppendix B to
cases lnvolving boundary-layer airflow scoops, it is necessary to as-
certaln the variation of the boundary-layer thickness wilth heat transfer.
Derivation of the adiabatic-to-cooled boundary-lsyer thickness ratio is
presented in appendix C for both the flat plate and the cone. The flat-
plate boundary-layer thickness ratio may be found from the mean skin
friction coefficients of reference 2 and the inlet mass-flow and momentum
parameters of appendix B (shown in appendix C (eq. (C3)). Evaluation of
the boundary-layer thickness for the conical case (eq. (C4)) only re-
quires the use of the mass-flow and momentum retios of appendix B and
the mean skin-friction coefficients for the cone. These skin-friction
values msy be found from reference 2 with the condition that the conical
value of the mean skin-friction coefficient be that of the flat plate
taken at one-half the Reynolds number of the cone.

DISCUSSION OF RESULTS

The theoretical curves for mass-flow and momerntum ratios for the
flat and conicsl surfaces are presented in figure 1. At given Reynolds
and Mach numbers, the boundary-layer inlet mass-flow and momentum rastios
inerease with decreased wall-to-free-stream static-temperature ratios.

For example, in figure 1(a), at a Reynolds number of 105, the increases

in mass flow due to wall cooling vary from 10 to 50 percent for the Mach
number and cooling range considered. In most cases, at a glven Mach
number, increasing the Reynolds number reduced the effect of wall cooling.
Comparison. of the adiabatic mass-flow and momentum ratios of figure 1 with
the results of reference 1 indicates falr agreement. Also, as seen in the
fTigure, the variation of the mass flow and momentum ratic for the actual
gas flow case (r = 0.9) does not differ significently from the case for a
Prandtl number of unity (adiasbatic wall conditionm).

Removing heat from the boundary lsyer, of course, reduces the meean
total temperature of the boundary-layer gair. Flgure 2 indicates that
( for both the cone and flat plate) the effect of extreme wall cooling on
the inlet total-temperature ratio is small. For a wall-to-free-stream
static-temperature ratio of unity the largest temperature change ls about
6 percent at a Reynolds number of 105. As the Reynolds number is in-
creased, the temperature ratio increases towards unity.

Figure 3 presents estimates of the variation of scoop pressure re-
covery with Mech and Reynolds numbers and wall cooling. For s glven
Reynolds number, the total-pressure ratio with or without cocling drops
off repidly with increased Mach number, while some varistion in absolute
megnitude exists due to cooling. These trends apparently exist for the
whole range of Reynolds numbers investigated. A small variation in the
pressure-recovery ratio exists at the various Reynolds numbers for Mach
nunbers up to about 4. However, a significantly large variation above
this speed range does not exist.
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Due to the high temperatures which may be reached in the boundary
layer at the higher Mach number (M = 10) for the adisbatic case, a de~-
viation of the ratio of specific heats (r) of the gas in the boundary
layer from that of ideal air may be expected. Values of ¥ equal to
1.1, 1.2, and 1.3 were selected, and the deviatlion from the idesl gas
case was sttained for the inlet parameters of figures 1 to 3. Results
of these computations are presented in table I. As seen in table I,
changing the ratio of specific heates from 1.4 to 1.1 increases the mass-
flow, momentum, end total-pressure ratios by about 80, 75, and 70 per-
cent, respectively. The total effect of change in R, and viscosity
in the expression for density and velocity distributions of reference 1
is not included and is considered outside the scope of the report.

Although the case for 7y = 1.1 has been discussed previously, it
is necessary to point out that the actual average ratio of specific
heats for the adisbatic case (M = 10) in the boundary layer can be con-
siderebly higher than T = 1.1, because the mass in the high shear layer
(end, consequently, at the highest temperature) near the wall may only
be about 20 percent of the total boundary-layer airflow. The larger
portion of the airflow will be at a much lower temperature.

In order that & vehicle maintaln its serodynamic and structural
characteristics at M = 10, 1t is realized that the walls of the vehicle
muet be cooled to lower temperatures (about 2500° R). Thus, in the prac-
tical case, deviation of 1 from 1.4 is not too large for cooled wall
conditions. The computations for those lower wall temperatures in fig-
ures 1 to 3 representing the ideal gas case would therefore gpply with-
out significent variation from the actual ges conditiomns.

CONCLUDING REMARKS

Analysis of the effect of boundary-lsyer heat transfer on scoop in-
let performaence indicated that for wall-to-free-stream statlc-temperature
ratios of unity, mass flow and momentum are up to 50 percent higher than
for an adisbatic_flat plate or conical surface. Associated with these
changes are s total-temperature decrease up to 6 percent and & small in-
crease in total-pressure recovery.

In view of these significant variations of boundary-layer airflow
properties, design of boundary-layer intske devices or diverters must
therefore reflect the effects of wall cooling by either varisble or com-
promised size. Furthermore, drag estimates of such systems must take
into account the significant variations which result from wall cooling.

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, September 10, 1957
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APPENDIX A
SYMBOLS
A area, sq ft
Ay
Y isentropic area ratio
BY2 | 1, appendix B
a B , appendix
)
B 2 - 1, appendix B
(tw/ tO)
b inlet-scoop height, ft
Ce mean skin-friction coefficient
CH 0 local heat-transfer coefficient, —P——
? CpPoYo

cp local skin-friction coefficient

specific heat at constant pressure 0.241 for air, Btu/(1b)(°R)

F/F* impulse ratio, as defined in sppendix B.

Y-1,2/%
G ‘\/ > MO tO’ appendix B

H total heat transferred, Btu/sec

R - Ay Btu
h film coefficient of heat transfer, To = tw’ (5ec) (5q £t (OR)
M Mach number
m mass-flow rate, slugs/sec

2

N 2.50 -M—O C dix B

. £ Cg,os 8ppendix
N velocity profile parameter (N of ref. 1)

P total pressure, 1b/sq £t
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P static pressure, 1b/sq ft
Q as defined in equation (El6a), eppendix B
a heat transferred locally, Btu/(sq £t)(sec)
r recovery factor
R gas constant, ft-1b/1b-°R
] _ Poto*
Re Réynolds number,
T total temperature, ©OR -
t static temperature, Sr -
u velocity, ft/sec
v as defined in equation (BlO), appendix B
X longitudinel distance along surface of flat plate or come, £t
y distance normal to surface, ft
@ as defined in equation (Blla), appendix B
Y ratio of specific heats for s&ir, 1.4
) boundary-layer (velocity) thickness, ft e
2] cone semivertex angle, deg
M coefficient of viscosity for air, (1b)(sec)/(sq ft)
p mass density of air, slugs/cu ft
T shear stress, 1b/sg ft
& total momentum, pA(l + TMZ), 1b
P momentum, puzA, 1b
Subscripts:
ad adlabatic wall condlitions
bl boundary layer

c

cooled wall conditions
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0 free stream
1 inlet entrance conditions
2 conditions inside inlet and downstream of terminal shock

Barred values indicate a time-averaged quantity
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APPENDIX B .

DERIVATION OF INLET PERFORMANCE PARAMETERS FOR SCOOP OPERATING
IN A TURBULENT BOUNDARY LAYER WITH WALL COOLING

Mass-Flow and Momentum Ratios

dm
b Inlet
ﬂi_
q Bountdary-layer profile

Sketch (a)

Mass-flow ratio derivation. - The incremental mass flow entering an
inlet of height b (sketch (a)) and unity width submerged in a turbulent
boundary layer with heat transfer is

dﬁ:ﬁidy

and the mass flow entering the scoop is

m=5% Léﬂb/s pu d(%f) (B1)

For an identical scoop opersting in the free-stream, the captured mass
flow would be

b /&
mo = & ‘[ poug 4(%) (B2)

and therefore, the ratio of equations (Bl) and (B2) is

_ [TEae
Z_ 2 (53)
mo b /& '

f Po ¥(§)

1 0%
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or when b/8 = 1.0, and Polp 1s constant,
1

i% = po o d(y) (B4)

Momentum ratio derivation. - The momentum of the incremental mass
(sketch 1)(for unity width) is

dp = @ dm = p(w)? ay

and the momentum of the mass entering the scoop is

b /5
“—’”L[/ 52 a(?) (55)

while the momentum of the mass captured in the free stream for an equiv-
glent sized inlet would be

b /5
cpo=sf/ pou2 &%) (B6)

and the boundary-layer momentum ratio when b/S = 1, and PoY0 is con-~

stant becomes
1

5[ & @

Mass and momentum ratios with wall cooling. - From the equation of
state p = pRt and the assumption that the static pressure remsins con-
stant through the boundary layer, the density ratio with heat transfer
may be written as follows in terms of the velocity ratio u/uO with the

relationship from reference 2 (for a Prandtl number of unity)

PR R R W]

where G and B are constants depending upon the free-stream Mach num-
ber and the wall-to-free-stream static temperature ratio (see
appendix A).

p_p P b 2 1 1 , (88)



10 . . NACA TN 4153

The velocity distribution for a turbulent boundary layer with heat
transfer, as developed in reference 2, is given as follows:

M5
2.50\/; CH,0 10(¥) = (sinlv - sinlvy) (B9)

where

(B10)

In equation (B10), a, G, and B are defined asccording to appendix A.
By letting N = 2.50+ ,?g Chg,0 &and by differentiating equation (B9),

d(z) = exp i(sin'lv - sin~1v,) dv = (B11)
e N o N
l1-v
when « = sin”lv is used, (Blla)
do = dv , for -E‘.<a,<%
1 - ve
and substitution in equation (Bll) gives
1 dao
d(%) = exp-ﬁ(m - “0) Tf (BlZ)
Since, from equation (B10O),
u B \a
(-u—o-) = (Sin o + ﬁ)a (BB)
equation (B8) becomes _
b LN - (B14)

Po Eﬁg az coszc,
)

By using equations (B1ll), (B12), and (Bl3) in equations (B4) and (B7),
the expressions for boundary-layer mass flow and momentum ratio become

- o '
% = QL/:W (sin a + %) secfa exp % da (B15)

LO9%
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and
T Yo 2
;-;0 = a—GQf (sin o + 'Zl(}a) secla exp % da (B1s6)
Uy
where
1 1
Q = Bl6a
oo ) [ e
S¥P | T,
and

= o -1{G6_ B
ag = s8ln lvo sin (a 2Ga)

Integration limits o and o, of equaetion (B15) and (B1l6) are found

from the velocity conditions at the wall end at the outer edge of the
boundary layer as follows: since

a = sin~lv = sin'l[%(—%) - -z—gz]

u
for "u6= 0 at the wall
-1 B
o, = 8in (— _Z_G_a)
and for 'u% = 1 at the outer edge of the boundary layer

_ -1{G _ B
ap = sin (a._ ZGa)

Estimation of Boundary-Layer Inlet Total-Tempersture Ratio
| Inlet

42 O

My — — {
_— .
> x g, !

Sketch (b)

Flat-plate case. - Conservation of energy for the boundary-layer
scoop model shown in sketch (b) may be written as

mepTo - By - Hy = mepTy (B17)
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where the second and third terms sre the heat transfer rates out of the
system. By definition and from reference 2 (for Prandtl number of 1)
for unit width, :

X X
By =‘jé’ Qy dx = eppgup(To - tw)dé1 Cp,o dx

where CH,O is the local heat-transfer coefficient on the plate. Since

2Ty

2c = C =
H,O £,0 poug

- C b4 X
f,o
(6] 0

when Hy = 0, equation (B17) bpecomes

then

(m C bs
1 £,0
'm—o) poquleTo - Cppouo ( TO - tw) é = ml CpTl (2818 )

Now for the flat plate
A = (8)*(unity width)

and division of equation (B18) by cPTOpOuOs yields

m C my T

(_E) - {1 - EE _ngf = 1l (B19)

oo Toj 2  mp T
Note that my = m and @ = ¢ &t the inlet. Now rearrangement of
equation (B1l9) will make

s 0% (i _ §_)
25 mg g

From equation (C2) of appendix C, the inlet total-tempersture ratio
becomes '

;i =1 - (} - Eﬁ) 1- gé%} (B20)
0

&)

1097
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Conical case. - In appendix C, the following relation between the
mean skin-friction coefficient and the inlet parameters of figure 1 was
found from equation (C4)

%_L&x_(i_i
45 - mo (PO

Now, if the inlet capture area of a scoop (on a cone) is spproximated by
A) = 2nx sin 6 B, substitution of these relations in equation (B17)
yields an expression identical to that of the flat plate (eq. (B20)).
Variation of this temperature ratio with Mach number for various Reyn-
0lds numbers and for a wall-to-free-stream siatic-tempersture ratio of
unity is presented in figure 2.

Boundary-Layer Inlet Total-Pressure Recovery Estimation

l Inlet
—T— —— — “'l
MO /// l"Z
P \ !
1 I
By Terminal shock
Sketch (c)

A one-dimensional representation of uniform flow inside an inlet
and behind a normal shock can now be made from the mass flow and totel
momentum for the system of sketch (¢). From conservation of mass snd
momentum these equations are,

z P0A2M01f;;'7.§ - 3 P2A2M21J1 +
(%) VT ) VT,

Yy -1.,2
7 Mz

and
roes) A2 + 1) = pap(1 + M)

respectively. The subscript 2 now denotes & condition behind the normal
shock. A division of the second equatlon by the first gives the
following:

2
@) cendvm o+ ndvg

B2l
o T - 1.2 T- 1,2 (821)
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and & division of both sides by 1/2iY + 1 gilves an expression similar
to thet in reference 1 (appendix C) obtained (for T; = Tp), namely;

@ g—l%l! - (E)Z (B22)

_ F.
ORE
mo/ YTo
where
(1)_ 1+ yM2 1
=) =
* MV1+Y-1M2-\[2(T+1)
and
9 2
1+7v5
2 T%%
0 (1 + )

Since 811 the conditions on the left hand side of equation (B22) are
known or can be found, the inlet Mach number Mo behind the terminal

shock and corresponding to a normal shock-type inlet may be found. The
totel-pressure recovery ratio PZ/PO is found from the mass-flow equa-

tion as
(A*)
Pz = Alg Ty

%”(%)@ T

Varistion of this pressure ratio, which includes the effect of mixing
losses, is plotted in figure 3 for various Reynolds snd Mach numbers and
for the adlsbatlc and well-to-local stream temperature ratic of unity.

(B23)

LO9Y
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APPENDIX C

CALCULATION OF ADIABATIC-TO-COOLED BOUNDARY-LAYER THICKNESS RATTIO
Flat-Plate Case

As presented in reference 2,

= c
> f,0% 1
: 5 =
3 > L/,,1 — B (c1)
p u u
£ = - =\ afd
0 pouo( "o 9
* where Cf o = mean skin-friction coefficient and x = distance along
b
surface. Since
1

and

from equations (B4) and (B7). Then in equation (Cl),

_Crox _ 1 (c2)
"ED

and the adisbatic-to-cooled boundary-layer thickness ratioc is

oo (53
5 f,0 ®
ad _ ad \Mo o/c (c3)

5%  Cr,o, (i _ &)
n5  99/aa
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Cone Case

Since from reference 3,

o = ool [ e - Do 3 [ B (- D]

then
/x TyX dx = Spouox f Bo% %) d(—%’)
Now
b4:¥x T,X dx = % wapﬂuEC%g)
or
2 2 Ce, (p,u8) %; Bx‘jéwl pgﬁo ( é%)d %)(ooug)
so that

1 O, 0

LA

Therefore, the adisgbatic-to-cooled boundary-layer thickness rstio would
be the same as that for the flat plate (eq. (C3)) except that the mean
gskin-friction coefficient is evaluated for a cone.

§ = (ca)
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TABLE 1. - EFFECT OF y ON INLET FLOW PARAMETERS

= — b
Reg | Mo| Tp3| tw/to| Wmo| o/eo! P2/Pg
106 | 10| 1.1| @6.0| 0.540| 0.505 | 14.8x10~4

1.2] 811.0| .421| .397]| 11.8
1.3| 816.0] .345 .327| 9.75
1.4| &21.0| .304| .290| 8.7

1.4 1.0 .48 44 | 13.4

8pdigbatic wall conditions
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Figure 1. - Varlation of boundary-layer mass-flow snd momentum ratios with locsl Mach number for various Reynolds
murbers and temperature ratios on flat and conical surfaces.
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Figure 1. - Concluded. Veriation of boundary-layer mass-flow and momentum watios with loeal Mach muhar for
various Reynclds mumbers spd temperature ratics on flat and conical surfaces.
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Total-temperature ratio, T;/T,
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Wall temperature
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Figure 2. - Varilation of boundary-lsyer inlet total-
temperature ratio with local Mach number; Prandtl
number, 1.0.
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Total-pressure recovery, Pp/Pg
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(a) Reg = 105, (b) Reg = 107. (c) Reg = 108. () Rep = 10°.

Figure 3. - Critical total-pressure recovery of normel shock-type acoop inlet.
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